MscL, a large conductance mechanosensitive channel (MSC), is a ubiquitous osmolyte release valve that helps bacteria survive abrupt hypoosmotic shocks. It has been discovered and rigorously studied using the patch-clamp technique for almost three decades. Its basic role of translating tension applied to the cell membrane into permeability response makes it a strong candidate to function as a mechanoelectrical transducer in artificial membrane-based biomolecular devices. Serving as building blocks to such devices, droplet interface bilayers (DIBs) can be used as a new platform for the incorporation and stimulation of MscL channels. Here, we describe a micropipette-based method to form DIBs and measure the activity of the incorporated MscL channels. This method consists of lipid-encased aqueous droplets anchored to the tips of two opposing (coaxially positioned) borosilicate glass micropipettes. When droplets are brought into contact, a lipid bilayer interface is formed. This technique offers control over the chemical composition and the size of each droplet, as well as the dimensions of the bilayer interface. Having one of the micropipettes attached to a harmonic piezoelectric actuator provides the ability to deliver a desired oscillatory stimulus. Through analysis of the shapes of the droplets during deformation, the tension created at the interface can be estimated. Using this technique, the first activity of MscL channels in a DIB system is reported. Besides MS channels, activities of other types of channels can be studied using this method, proving the multi-functionality of this platform. The method presented here enables the measurement of fundamental membrane properties, provides a greater control over the formation of symmetric and asymmetric membranes, and is an alternative way to stimulate and study mechanosensitive channels.
Introduction
In the past decade, the assembly of artificial lipid bilayers has been substantially advanced through the development of the droplet interface bilayer method. Known as stable and robust, DIBs imposed themselves as alternative model systems to the classical painted (Mueller) and folded (Montal-Mueller) planar bilayers 1 . Although the idea of using droplets to create lipid bilayers dates back to the 1960s 2 , it has not gained popularity until recently. The first successful attempt was reported by the Takeushi group 3 , followed by several studies demonstrating bilayer formation using a network of droplets by the Bayley group [4] [5] [6] . More recently, encapsulation techniques were proposed by the Leo group [7] [8] [9] , who pioneered the concept of using DIBs as building blocks of novel stimuli-responsive material systems 10 . In previous studies, DIBs have proved their ability to respond to electrical 9, 11 , chemical 10, 12 , and optical stimuli 13 . Various biomolecules with different stimuli-responsive functionalities have been effectively stimulated when reconstituted in the DIB 10, 14 . In light of these successful attempts an important question is raised: could the DIB respond to mechanical stimulus when appropriate biomolecules are incorporated? The interfacial forces acting on a DIB differ from those in other bilayer system 15, 16 . Therefore, the tension in the bilayer held by the droplets could be controlled by regulating tension at the water-lipidoil interfaces; a concept not applicable with the painted or folded bilayer systems.
MscL channels, widely known as osmolyte release valves and fundamental elements of the bacterial cytoplasmic membrane, react to increased membrane tension 17, 18 . In the event of hypo-osmotic shocks, several channels residing in the membrane of a small cell 19 can generate a massive permeability response to quickly release ions and small molecules, saving bacteria from lysis 20 . Biophysically, MscL is well studied and characterized primarily through the prominent patch clamp technique [21] [22] [23] . Reliable structural models explaining MscL's gating mechanism 24, 25 are proposed based on its homolog's crystal structure 26, 27 , modeling 28 , and results of extensive experimentation 24, [29] [30] [31] . Under an applied tension of ~10 mN/m, the closed channel which consists of a tight bundle of transmembrane helices, transforms into a ring of greatly tilted helices . It has also been established that the hydrophobicity of the tight gate, positioned at the intersection of the inner TM1 domains, determines the activation threshold of the channel 33 . Correspondingly, it was found that by decreasing the hydrophobicity of the gate, the tension threshold could be lowered 22 . This property of MscL made possible the design of various controllable valves 34 , primarily for drug delivery purposes. For all the aforementioned properties and based on its fundamental role of translating cell membrane excessive tensions into electrophysiological activities, MscL makes a great fit as a mechanoelectrical transducer in DIBs.
In this article, we present an original micropipette-based method to form DIBs and measure the activity of the incorporated MscL channels under mechanical stimulation. We report for the first time, the response of DIBs to mechanical stimulus and the functional reconstitution of the V23T low-threshold mutant of MscL in DIBs 35 .
The experimental system consists of lipid encased aqueous droplets anchored to the tips of two opposing borosilicate glass micropipettes. When droplets are brought into contact a lipid bilayer interface is formed. This technique offers control over the chemical composition and size of each droplet (bulk), as well as the dimensions of the bilayer interface. In addition, asymmetric membranes with various lipid compositions in each leaflet could be easily formed. Having one of the micropipettes attached to a harmonic piezoelectric actuator, provides the ability to apply a pre-programmed single-cycle or oscillatory stimulus. Tension is delivered to the artificial membrane through the compression of both droplets supporting it. As a result of droplet deformation, the areas of water-lipid-oil interfaces increase, and simultaneously the angle between the droplets decreases, causing an increase in membrane tension and transient MscL activation. Through analysis of the shapes of the droplets during deformation, the tension created at the interface could be estimated. Even though the focus in this article is on the mechano-transduction properties of the DIB, we also emphasize that other types of biomolecules, such as alamethicin, can be activated by this multi-functional platform. We present here, all the technical aspects of preparing, assembling, and taking measurements with this new method in a step-by-step manner.
Protocol

Preparation of PEG-DMA Hydrogels
1. Select an appropriate measuring/mixing container (flask, beaker, etc.) for the application. Clean it thoroughly using detergent and water, and then wipe it with lint-free tissue wipers. 2. Wear gloves to avoid contaminating the glassware with oils from fingertips. Rinse the container with enough deionized water to remove detergent residue. 3. Wipe the container with lint-free tissue to get rid of the water, then spray with isopropyl alcohol (IPA, 99.5%) and wipe until clean. Place it in a vacuum chamber to allow all IPA to completely evaporate. Clean the rest of the lab equipment used in the hydrogel forming process with distilled water. 4. To prepare a 40% (w/v) PEG-DMA hydrogel solution, weigh 4 g of the poly(ethylene-glycol) dimethacrylate (PEG-DMA; MW = 1,000 g/mol) polymer using a laboratory scale. 5. Place the weighed PEG-DMA into flask and heat using a sonicator bath at 45-55 °C until the solid PEG-DMA has liquefied. During the process, cover the opening of the flask with Parafilm/wax paper to keep water out. 6. Once the PEG-DMA has liquefied, add buffer solution (500 mM KCl, 10 mM MOPS, pH 7.0) until total volume reaches ~10 ml (enough for several experiments over a six months period). 7. Add the curing agent at 0.5% (w/v). In this case, add 0.05 g of the curing agent to the 10 ml mixture. Place the flask back into the sonicator bath and allow the components to dissolve in solution (around 10 min, 250 watts).
NOTE: Once the curing agent has been added to the solution, the hydrogels will cure (solidify) if exposed to any light source for a sufficient amount of time. To help combat this, wrap the vial/container with black tape and store it in a dark place. This solution can be stored for several weeks at room temperature (22 °C).
Preparation of Liposomes
1. Prepare 10 ml of a 2 mg/ml lipid solution by adding 10 ml of buffer (500 mM KCl, 10 mM MOPS, pH 7.0) to 20 mg of 1,2-diphytanoyl-snglycero-3-phosphocholine (DPhPC) synthetic lipids purchased as lyophilized powder. Make sure both lipid vesicles and buffer solution are thoroughly mixed (the mixture should look homogenous and hazy when everything is dissolved). 2. Freeze (-20 °C) and completely thaw the new lipid mixture for a total of six times. Let the mixture thaw at room temperature, never in a heated environment. 3. Using a commercially available extruder, extrude the lipids by forcing the whole lipid suspension first through a 0.4 μm polycarbonate membrane filter and then six times through a 0.1 μm membrane filter. This process yields particles with diameters near 100 nm (equal to the pore size of the filter).
NOTE: Other lipids and lipid ratios can be prepared using this method. Liposomes should be stored at 4 °C for several weeks.
MscL Isolation and Reconstitution
1. Streak out a temperature agarose plate, containing 100 μg/ml ampicillin, E. coli MJF465 cells with a pB10b plasmid carrying the V23T MscL gene extended with a 6-His tag on the 3' end (C-terminus). Allow the plate to culture overnight (12-16 hr) at 37 °C in a stationary incubator. The plasmid is selected for and retained in cells with 100 μg/ml ampicillin in standard LB medium. The next day place 20 ml of LB media with 100 μg/ml ampicillin in a culturing vesicle (a 50 ml flask or what is available to hold the culture). Take the plate that was cultured overnight and select a colony from the plate to transfer (inoculate) to the prepared 20 ml LB media with a sterile inoculation stick. Allow the 20 ml culture to grow overnight (12-16 hr) at 37 °C at 250 rpm in a shaking incubator.
2. Decant the 20 ml overnight culture into 2-4 L of LB medium. Ampicillin is no longer required. Shake the flasks in a shaking incubator at 250 rpm at 37 °C until OD 600 reaches 0.5. Add Isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.6 mM and let the culture go for another hour (to OD 600 = 0.8-1.0). 3. Put the flasks on ice to chill the cultures and then collect the bacteria by centrifugation. Use six 400 ml conical tubes (or as many as allowed by the rotor used) and centrifuge for 5-8 min at 7,438 x g which is enough to pellet the bacteria. Decant the supernatant, and repeat the procedure until all the cells from the media are harvested. The number of spins required varies based on the amount of culture that has been grown and the rotor used. For a 2 L culture it is only needed to spin down the cells once. Transfer all harvested cells into a single centrifuge tube. 4. Resuspend the cell pellets in ~20 ml of French press buffer (100 mM KPi and 5 mM MgCl 2 , pH 7.4). The suspension should be dense (like cream or milk). Immediately before French-pressing the suspension add the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 2 mM and mix vigorously. 5. French-press the culture, in a 35 ml French-pressure cell, at 10,000 to 16,000 psi. Spin down the suspension to separate out the unbroken cells at 7,438 x g, 10 min at 4 °C. 6. Put the supernatant in a separate tube, and add to it lysozyme and DNase (0.2 mg/ml each). Let supernatant tumble for 10 min at room temperature.
NOTE: DNase is optional; it reduces the viscosity for the high-speed centrifugation. Lysozyme is critical; it digests the remnants of cell wall and helps increase the yield of the membrane extraction done with a mild non-denaturing detergent.
7. Distribute the supernatant mix into two ultracentrifuge tubes and spin them at 106,883-153,911 x g (depending on the rotor) at 4 °C for 40 min. After centrifugation the supernatant is decanted and the brownish pellet at the bottom (the total membrane fraction) can be frozen in the tube for long-term storage (-80 °C) or used for immediate protein purification. 8. Prepare 0.5-1 L of High Imidazole buffer: 100 mM NaCl + 500 mM imidazole, titrate to pH 7.2-7.4 with concentrated HCl. Note that imidazole is a good buffering substance by itself. 9. Prepare 0.5-1 L of Low Imidazole buffer: 100 mM NaCl, + 15 mM imidazole, by appropriately diluting the buffer above with 100 mM NaCl. No pH adjustment is required. 10. Take 100-150 ml of each buffer in separate bottles, and add 1% (w/v) b-octyl glucopyranoside (OG). Stir the solution well and filter it through a 0.22 μm filter. These solutions are the low-and high-imidazole chromatography solutions. 11. Prepare Extraction buffer, take 50 ml of Low-imidazole buffer, and add 3% (w/v) OG and filter the buffer. 12. Use membrane pellets of 0.5-2 g wet weight for protein isolation. Add 5-7 ml of extraction buffer, resuspend the pellet, and homogenize it in a 30 ml hand-driven glass-piston homogenizer. With 5-10 gentle strokes make a homogeneous suspension without lumps. Use caution, shear stress is known to cause protein denaturation. 13. Spin down the insoluble particles (mid-range centrifuge, fixed-angle rotor, 38,478-68,405 x g, at 4 °C for 15 min). Meanwhile, take 3 ml of Ni NTA beads (6 ml of suspension) and wash them once with the low-imidazole buffer (w/o OG) by shaking them in a 15 ml screw-cap tube. Let the beads settle on the bottom (~ 5-7 min) or spin them down at 129-201 x g for one minute at 4 °C. Once the pellet is formed, carefully decant the supernatant by hand and repeat the procedure. Equilibrate the beads with 2-3 ml of 3% OG extraction buffer. 14. Mix the homogenized mixture (membrane pellet and extraction buffer) from 3.12 with 3-3.5 ml Ni NTA beads. Let the mix tumble in a screwcap tube for 60 min (batch-loading). Spin the beads down at 201 x g (30 sec), decant the supernatant by hand, and wash the beads with 1% OG low-imidazole buffer once. Pellet the beads as in 3.13 again and resuspend them in 20-30 ml of fresh low-imidazole buffer. 15. Pack a small column (equipped with an upper flow adapter) with the Ni NTA beads, and let the beads settle by opening the stopcock to let the extract flow through (do not allow the beads to dry). Wash the beads with one aliquot of 10 ml low-imidazole buffer (1% OG) with the stop cock open. 16. Load the chromatography machine with pure low-and high-imidazole buffers about 25 ml of each at the machine defined flow rate (varies per machine); this is done by passing the low-imidazole buffer through the system first. Zero the optical recorder at OD 260 (baseline). Note that the buffer is quite different from water because low-grade imidazole has impurities which absorb UV. Insert the flow adapter to the column and attach it to the machine. 17. Wash the column again with low-imidazole buffer (at 1 ml/min) until the OD of the flow through comes reaches the baseline (it may take 10-20 ml). This removes the unbound proteins from the column. 18. Apply a linear gradient of imidazole of 20 to 500 mM, for 30 min, at 1 ml/min. Start collecting 4 ml fractions when OD 600 shows an increase.
The first two fractions are full of loosely bound proteins, whereas MscL-6His starts elution at ~40% of the linear gradient. The majority of the protein appears in fractions 3 to 8. NOTE: a linear rise of OD will be observed due to the increasing % of imidazole. 19. Pool the fractions 3-4, 5-6, and 7-8 together. Optionally, concentrate the fractions individually. Concentrate the fractions 6-10 fold using centrifugal filters. After a 20 min spin at 804 x g and at 4 °C, carefully resuspend the concentrated protein, the protein tends to stick to the filter. 20. Withdraw 50 μl aliquots, mix them with SDS sample buffer, and check for protein purity using PAGE gel electrophoresis.
NOTE: MscL will migrate as a fuzzy band of about 17 kDa to the bottom of the gel. 21. Use the concentrated fractions to quantify the protein using a protein assay kit, following the manufacturer's instruction. A typical yield from a 0.8 g membrane pellet is up to 0.2 mg of pure protein in the combined fractions. 22. Reconstitute V23T MscL into DPhPC liposomes through dialysis. Take a 10 mg/ml chloroform solution of DPhPC and aliquot 0.5 ml (i.e. 5 mg of lipid) of it into three disposable round-bottom (12 x 130 mm) glass tubes. Dry the lipid under the stream of nitrogen and remove the remnants of chloroform under vacuum (4-6 hr). 23. Add 15 20 mg of powdered OG to the dry lipid in each tube, dissolve it in 2 ml of dialysis buffer (100 mM KCl, 5 mM KPi, pH 7.2), vortex, and mildly sonicate. The OG-solubilized lipids should form a clear solution. 24. Add concentrated V23T MscL solutions to each tube to achieve 1:100, 1:300 and 1:1,000 protein-to-lipid ratios and vortex well. Cut and wash three pieces (~12 cm long) of dialysis tubing (MWCO 8000, 7.5 mm diameter, have three pairs of numbered clips ready.) 25. Place the solubilized lipid-protein mixtures inside the tubing, carefully close the ends with clips, and dialyze against 2 L of buffer (100 mM KCl, 5 mM KPi, pH7.2) for 48 hr at 4 °C with four changes of the buffer every 12 hr. After dialysis, the proteo-liposomes are ready.
1. Using a BNC cable, connect the output of a waveform generator to the external command input front switched (on the rear panel of the data acquisition system). Send a 10 Hz, 500 mV pk-to-pk triangular waveform to the headstage. 2. Using the micromanipulator, move the glass micropipettes horizontally to bring droplets into contact until they slightly touch and wait for bilayer thinning to occur (usually around 1 to 2 min) (Figures 3C and 3D) .
NOTE: Progression of the bilayer formation process can be seen visually through the microscope and may be monitored by current measurement (Figure 4) .
3. Adjust the bilayer size (~250 μm in diameter) by controlling the position of the droplet mounted on the actuator, using the micromanipulator. Note: the bilayer size could be estimated visually through the microscope. This method makes it easier for the researcher to control the size of the bilayer by easily moving the droplets using the micromanipulators.
Dynamic Excitation and MscL Gating
1. Once the bilayer has formed and is stable (i.e. the bilayer is not breaking or conductive), stimulate the droplets by sending a sinusoidal signal using a function generator. 2. To stimulate the MscL protein incorporated in the bilayer, send a sinusoidal waveform with a 175 μm peak-to-peak amplitude, 0.2 Hz frequency, and 50% duty cycle to the piezoelectric servo-controller. (Various types of waveforms could be sent with different amplitudes, frequencies, and duty cycle)
Processing and Interpreting Results
1. Save the current measurements, recorded using the data acquisition system, in .ABF format. Import data (in .ABF format) to Matlab using a function file "abfload", then analyze and process the data. The "abfload" file is available for free online. 2. Estimate the tension in the bilayer and areal expansion of the droplets, using videos of the droplet during full actuation cycles that are recorded using an appropriate camera. 3. Process videos in Matlab, by processing individual frames using image processing techniques to estimate the area of the water/oil interface, as well as the angle between the droplets. NOTE: using a 2D frame taken from the video, detect the water-oil interface (i.e. the edge of the droplet) and then estimate the surface area by revolution.
Representative Results
Figures 1 and 2 display the experimental setup and equipment used to record protein activity in the course of mechanical stimulation of the lipid bilayer membrane. To minimize electrical noise into our measurements, the workstation is placed within a lab-made Faraday cage, grounded to a ground connection on the AxoPatch 200 B Amplifier.
Formation of a stable insulating lipid bilayer is a key step in this study. In this arrangement, a lipid monolayer assembles at the oil/water interface of the aqueous droplets immersed in a bath of an organic solvent. When droplets are placed in contact, excess oil is eliminated, and the opposing lipid monolayers thin to a two-molecule thick lipid bilayer. The most common technique used in bilayer characterization is voltageclamp. With voltage-clamp, the voltage across the bilayer is maintained at a constant value while the current is measured. Figure 4 portrays a typical real-time current recording of the initial bilayer formation. Knowing the specific capacitance (~0.6 μF/cm 2 ) 5 of the DPhPC lipid bilayer, the area of the formed bilayer could be calculated. The bilayer area could be controlled by changing the position of the droplets (Figure 4A ). Using the piezoelectric actuator, different types of waveforms (sinusoidal, square, triangular, etc.) at different frequencies, amplitudes, and duty cycles could be applied to the droplets to horizontally and axially oscillate them and thus, bilayer tension and area could be altered ( Figure 4B ).
When the DIB is mechanically stimulated, while maintaining a constant DC potential across the membrane, a low-threshold (gain-of-function) V23T mutant of MscL generates reliable activities including mainly sub-conductive states and occasionally full opening events ( Figure 5 ). These events are identical to those recorded using the patch-clamp technique from intact inner E. coli membranes and liposomes reconstituted with the purified V23T MscL. The results in Figure 5 prove that gating occurs in response to an increase in tension, since all current spikes are observed at peak compression. At peak compression, the relative areal expansion of the droplets is maximal and therefore, tension at the interface is maximal.
Alamethicin, a voltage-gated ion channel and one of the most studied peptides, increases the membrane permeability when a DC voltage is applied across the membrane 36 . The ability of the lipid bilayer interface to host transmembrane proteins and peptides is also tested by performing voltage-gating current recordings using alamethicin peptide. Alamethicin is mixed with the phospholipid solution to a final concentration of 100 ng/ml. Figure 6 shows the current measurements under voltage clamp (+115 mV). The droplets in this experiment are pulled apart in order to achieve small bilayer interface and thus higher resistance and smaller capacitance. The gating behavior of the Alamethicin peptide is shown through the discrete steps of current (Figure 6 ). The histogram on the right side of the plot shows the changes in conductance from the base level (0.0962 nS), which is basically the first conductance level of the channel itself. The shape of the current response is sinusoidal, which relates to a sinusoidal change in bilayer capacitance as a result of the bilayer area change. The current spikes, occurring at the peak of each cycle, indicate sub-conductance gating of the V23T mutant. A polar plot further indicates that gating occurs at peak compression, which reflects an increase in tension at the bilayer interface. 
Discussion
Mechanosensation signifies one of the first sensory transduction pathways that evolved in living organisms. Using this phenomenon for studying and understanding the mechano-electrical properties of the DIB, is a crucial step toward functional stimuli-responsive materials. It involves the incorporation and activation of a mechanosensitive channel, MscL, in the DIB as a mechanoelectrical transducer and a strain gauge to detect tension increase in the lipid bilayer interface. On another note, the function of MS channels could be regulated through the basic material properties of lipid bilayers including thickness, intrinsic curvature, and compressibility. In light of the aforementioned, the micropipette-based technique provides a valuable tool allowing the researcher the ability to study MS channels in DIBs and provides insights into the structure of the lipid bilayer, as well as the lipid-protein interactions.
Over the past three decades, patch-clamp was the primary method to study MS channels, since it allows clamping of both voltage and tension. However, patch-clamp requires bulky equipment and not suitable for miniaturization, a property required for the engineering of sensory and conversion devices. DIBs due to their simplicity, stability, and compactness represent a suitable environment to study the activity of MscL. Here, we extend previous advances in the DIB formation techniques by proposing a micropipette-based technique, with the ability to control the size of droplets and bilayer interface, the chemical composition of each droplet, and the tension at the interface through dynamic stimulation. The
The micropipettes are attached to piezoelectric oscillators, allowing horizontal displacement of the droplets. Dynamically compressing the droplets, results in an increase of interfacial tension at the water oil interface and therefore an increase in bilayer tension. Two major aspects differentiate this method from the similar and recently published contact bubble bilayer (CBB) technique 37 . Using the technique presented herein, the size of the bilayer is controlled using micromanipulators and thus the volumes of the droplets remain constant, unlike in the CBB method. In addition, the CBB technique calls for pressure pumps, which are not needed in the method presented in this paper making it simpler and easier to build.
We are able to incorporate and stimulate bacterial MscL for the first time without the use of a patch pipette or chemical modifications 38 . Since the system facilitates the formation of robust asymmetric lipid bilayer membranes, it more closely mimics the lipid asymmetry found in biological membranes. This allows us to study the effects of controlled membrane composition or asymmetry on the activity of MscL. Additionally, through image processing techniques, this method helps estimate the tension at the bilayer interface. This technique assists in understanding the principles of interconversion between bulk and surface forces in the DIB, facilitates the measurements of fundamental membrane properties, and improves the understanding of MscL response to membrane tension.
Although this method takes us a step closer toward a biomolecular stimuli-responsive material system and to a different physiological environment to study MscL, there are limitations to the system. Tension in this system cannot be clamped due to the presence of the lipid reservoir in the form of liposomes in each droplet, which tends to relieve tension at the oil/water interface. Therefore, at present mechanosensitive channels can be stimulated in DIBs only in a dynamic regime. The presence of air bubbles in the system significantly affects the precision and reproducibility of the experiments. Air bubbles present in the hydrogels could result loss if electrical connection.
While we describe the use of the micro-pipette based method for the stimulation of MscL, the technique could be used to study other types of MS channels and has the potential to be used by researchers to study a variety of biomolecules. For instance, similar setup has been used in our lab to study the mechanoelectrical response of a channel-free droplet interface bilayer membrane. Various proteins could be reconstituted and activated using this highly controlled setup, taking in consideration that the reconstitution environments of each biomolecule vary. The method described in this article touches on a considerably wider application potential that is only limited to the imagination of the researcher.
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